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A detailed study of the exchange bias effect and the interfacial electronic structure in
Ni/Co3O4(011) is reported. Large exchange anisotropies are observed at low temperatures, and
the exchange bias effect persists to temperatures well above the Ne´el temperature of bulk Co3O4, of
about 40 K: to ∼80 K for Ni films deposited on well ordered oxide surfaces, and ∼150 K for Ni films
deposited on rougher Co3O4 surfaces. Photoelectron spectroscopy measurements as a function of
Ni thickness show that Co reduction and Ni oxidation occur over an extended interfacial region. We
conclude that the exchange bias observed in Ni/Co3O4, and in similar ferromagnetic metallic/Co3O4
systems, is not intrinsic to Co3O4 but rather due to the formation of CoO at the interface.
PACS numbers: 68.37.-d,68.35.Ct,68.37.Og,68.37.Ps,68.55.-a,75.50.Ee
I. INTRODUCTION
The exchange anisotropy, first reported by Meiklejohn
and Bean1 for surface-oxidized Co nanoparticles, is man-
ifested by a horizontal shift in the hysteresis loop of
magnetic systems in contact with an antiferromagnet,
an interface phenomenon explained by exchange cou-
pling between the spins at the interface between the two
materials.2 Although studied for many decades now, a
full understanding of exchange bias at the microscopic
level remains challenging,3–9 largely because of the diffi-
culty in resolving the interface spin and the electronic
structure between the two materials. Several micro-
scopic models have been proposed to explain the ex-
change anisotropy and the small exchange bias observed
experimentally vis a` vis the strength of the spin-spin ex-
change coupling. The latter effect is generally attributed
to interface roughness, antiferromagnetic domains, and
steps at the interface, which lead to a reduction in the
effective exchange coupling.3–11 Hence, a detailed knowl-
edge of the interface structure is key to understanding the
mechanisms responsible for the strength of the exchange
anisotropy observed between different compounds.
Cobalt, like most 3d transition metal elements, can
exist in more than one oxidation state. Of the two
stable cobalt oxides, the mixed valence compound,
Co2+Co3+2 O4, crystallizes in the spinel structure, with
a lattice constant of a = 8.086 A˚ at room temperature,12
while the CoO phase crystallizes in the rock salt struc-
ture (a = 4.260 A˚).13 Both oxides are antiferromagnetic
at low temperatures, with Ne´el temperatures of approx-
imately 40 and 290 K, respectively.14–21 While the crit-
ical temperature in these materials is too low for prac-
tical devices, their well defined and localized spin struc-
tures make them model systems for the study of exchange
anisotropy. In this context, our recent demonstration of
the growth of high quality crystalline Co3O4(011) thin
films on MgAl2O4(011) substrates,
22 and the recent re-
ports of enhanced temperatures for the onset of exchange
bias in Ni80Fe20/Co3O4 heterostructures,
23–26 have mo-
tivated us to examine the exchange bias in well character-
ized Co3O4(011) films, and to probe the electronic struc-
ture of the metal/Co3O4 interface. We chose Ni as the
ferromagnetic layer in order to facilitate the electronic
characterization of the interface. Ni has an oxygen affin-
ity similar to that of Co,27 and when exposed to air it
forms a surface oxide layer∼3 A˚ thick that acts as a passi-
vation layer.28–31 Here, we report the observation of large
exchange bias in the Ni/Co3O4 system, which persists to
temperatures well above the Ne´el temperature of Co3O4;
the effect is stronger and extends to higher temperatures
in systems exhibiting greater interface roughness. From
photoelectron spectroscopy, we show that the deposition
of the Ni layer leads to a reduction of the Co3O4 over
a few atomic layers and to Ni oxidation at the interface
between these materials. A CoO/NiO interfacial region
is found to form between the Co3O4 and Ni films. Hence,
we conclude that the observed exchange bias is not in-
trinsic to Co3O4 but instead to CoO, mediated by a NiO
interfacial layer.
II. SAMPLE GROWTH
MgAl2O4(011) single crystals were used as substrates
for the growth of Co3O4 because of the small lattice mis-
match of –0.05% and good thermal and chemical stabil-
ity. MgAl2O4 has the same crystal structure as Co3O4,
which should preclude the formation of antiphase bound-
aries that originate when lower symmetry structures are
grown on higher symmetry surfaces. Also, the direc-
tion perpendicular to the (011) surface is characterized
by having a repeat period of four atomic planes as op-
posed to the eight-period repeat along the [100] direction
or the eighteen-period repeat of the [111] direction.32 It
therefore should be less susceptible to stacking faults and
antiphase boundary formation, leading to fewer defects
in the film.22
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2The samples in this study were grown by molecular
beam epitaxy in a dual ultrahigh vacuum (UHV) system
comprising a growth chamber (base pressure ∼ 1× 10−9
mbar) equipped with a reflection high energy electron
diffraction (RHEED) system, and an analysis chamber
(base pressure ∼ 3 × 10−10 mbar) for low energy elec-
tron diffraction (LEED), x-ray photoemission (XPS) and
Auger electron spectroscopy (AES). The systems are in-
terconnected by a gate valve, allowing sample transfer
under UHV. In this work, the XPS spectra were obtained
using the Mg Kα line (hν = 1253.6 eV) of a double an-
ode x-ray source and a double pass cylinder mirror ana-
lyzer (Φ 15-255G) set at a pass energy of 25 eV (energy
resolution of about 0.8 eV). Further ex situ characteri-
zation included x-ray diffraction and reflectometry (Cu
Kα line, using a Shidmazu diffractometer set in the par-
allel beam geometry) and SQUID magnetometry (Quan-
tum Design). Several Ni/Co3O4/MgAl2O4(011) samples
were prepared and characterized for this study. In addi-
tion, two extra structures were grown: a Ni/SiOx/Si(111)
film, to determine the presence of exchange bias due to
Ni surface oxidation; and a Ni/CoO/MgO(001) sample,
to obtain a CoO XPS spectrum and to determine the ex-
change anisotropy in Ni/CoO. The growth procedures are
distinct for the different types of samples, as discussed in
detail next.
The Co3O4 samples were grown using the proce-
dure described in Ref. 22, with the substrate held
at 570 K during growth. The high quality of the
MgAl2O4(011) surface crystallinity was confirmed by
LEED and RHEED, which display patterns character-
istic of highly ordered surfaces, as shown in Fig. 1. The
nominal Co3O4 thickness values, in the 30-40 nm range,
are found to be in good agreement with the values ob-
tained from x-ray reflectivity measurements. LEED and
RHEED patterns typical of the Co3O4 films after growth
are shown in Fig. 1. Compared with the MgAl2O4(011)
LEED patterns, the diffraction spots of the as-grown
Co3O4 film are much broader and the background is more
intense, indicating that the as-grown Co3O4 films have
a significant amount of surface disorder. The RHEED
patterns exhibit streaky and relatively broad diffraction
spots, characteristic of a three-dimensional growth mode.
However, along the [100] direction, the diffraction spots
are found to lie in a Laue arc, indicative of a rela-
tively smooth surface; this is in agreement with earlier
results showing a unidirectional surface roughness mor-
phology along this direction, with an average surface
roughness of ∼2-3 nm as determined from atomic force
microscopy and transmission electron microscopy.22 Af-
ter the Co3O4 growth and in situ characterization, the
sample was cleaved ex situ; one half was then annealed
at atmospheric pressure in flowing O2 (900 scc/min) at
820 K for 12 h; this temperature and oxygen pressure
favor the formation of Co3O4 over CoO.
33–35 Both as-
grown and annealed samples were then returned to the
growth system for Ni deposition. The Co3O4 films were
first cleaned in an O plasma at 770 K for 30 min, and in
one instance cooled to below 370 K under the O plasma.
The surfaces of both as-grown and annealed films were
then characterized in situ prior to the Ni film deposition;
the corresponding diffraction patterns are labeled in Fig.
1 as “as-grown” and “annealed.”
The annealing process induces significant transforma-
tions in the film surface structure, as shown by different
and much sharper LEED and RHEED patterns in Fig. 1.
In one instance, we observe the presence of a (4× 1) sur-
face reconstruction along the [100] direction, which we
relate to the particular surface treatment during the O-
plasma cleaning procedure, i.e., cooling below 370 K in
O plasma [only (1 × 1) patterns were observed previ-
ously]. One possible explanation is the presence of ad-
sorbed oxygen. Monitoring the LEED pattern evolution
with increasing sample temperature in UHV (3 × 10−10
mbar) shows no changes in the LEED pattern up to 570
K; no changes in the XPS spectra are found after this pro-
cess, indicating that the Co3O4 films are stable in UHV
up to that temperature. The related Fe3O4(110) surface
has been found to reconstruct in a (3× 1) structure,36–38
while a (4 × 1) reconstruction has been found for the
(001) surface;39,40 this extra periodicity in the lattice has
been attributed to the presence of Mg or Ca surface im-
purities that have migrated from the bulk or from the
substrate upon annealing.38–40 Although no impurities
were detected in the XPS survey scans, a more detailed
study is required before ruling out the effect of impuri-
ties as the origin of the observed surface reconstruction.
One striking feature of the LEED patterns is the different
symmetry exhibited by the as-grown and annealed films:
while the former exhibit an oblique unit cell, the latter
are found to exhibit a rectangular unit cell. The LEED
patterns are compatible with the two possible bulk ter-
minations of the (011) plane of the spinel structure: type
A for the annealed films, with a Co2+2 Co
3+
2 O4 nominal
stoichiometry exhibiting a rectangular unit cell, and type
B for the as-grown films, with a Co3+2 O4 nominal stoi-
chiometry and an oblique unit cell.22 The XPS spectra
of both as-grown and annealed films are identical and
characteristic of Co3O4.
The Ni deposition (from an effusion cell) was car-
ried out with the substrate held at ambient temper-
ature; the system pressure during evaporation was
1 × 10−7 mbar, with an evaporation rate ∼1 A˚/min.
We find that the Ni film grows single crystalline, al-
beit with very broad RHEED patterns, as shown in
Fig. 2(a), that indicate a large density of crystalline im-
perfections (surface roughness and/or mosaicity), with
Co3O4(011)[111]‖Ni(011)[100] [Fig. 2(b)] or the twin ori-
entation Co3O4(011)[11¯1¯]‖Ni(011)[100]. The above rela-
tionship gives
√
3aCo3O4 = 3.97aNi, where aNi = 3.5241
A˚ is the lattice parameter of fcc Ni,41 corresponding to
a lattice misfit of –0.65%. The XPS measurements show
Ni 2p peaks typical of metallic Ni; trace amounts of O
were detected in the Ni film, as indicated by a small O
1s peak. To study the evolution in the electronic struc-
ture at the Ni/Co3O4 interface, a separate study was
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FIG. 1: (a) Low energy electron diffraction (LEED) patterns of the MgAl2O4 and Co3O4(011) films immediately after growth,
and of the as-grown and annealed films before Ni deposition. The crystal orientation, inferred from the LEED pattern and
confirmed by Laue diffraction, is shown in the inset. (b) Corresponding reflection high energy electron diffraction (RHEED)
patterns, along different azimuths (parallel to the electron beam, set at a grazing angle of incidence). The electron beam energy
was 10 keV for the MgAl2O4 patterns and 11 keV for the Co3O4 patterns.
carried out where the XPS spectra were recorded as pro-
gressively more Ni (0, 1.8, 5.3, 14, 80 A˚) was added to
a 30 nm thick Co3O4 film. In this case, the Ni film was
deposited immediately after the Co3O4 growth.
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FIG. 2: (a) Co3O4 and Ni RHEED patterns along the [111]
and [2¯11] azimuths of the annealed Co3O4(011) film (at 11
keV incident electron beam energy). (b) Schematic of the
epitaxial relationship between [110]-oriented Ni and Co3O4.
Additionally, two control samples were grown, one con-
sisting of an 8 nm thick Ni film grown on the native
oxide layer of a Si(111) wafer, and an 8 nm Ni/36 nm
CoO/MgO(001) structure. For the latter sample, the
MgO(001) single crystal was outgassed and cleaned in
situ with an O-plasma at 570 K for 30 min. Cobalt evap-
oration was carried out under an O2 partial pressure of
1×10−5 mbar. This leads to single crystalline CoO(001),
with good RHEED and LEED patterns (not shown) and
with the correct stoichiometry, as determined by XPS
(see Fig. 5 below). X-ray diffraction measurements con-
firm the presence of the [001]-oriented CoO phase, with
an out of plane lattice constant a⊥ = 4.28 A˚, showing
that the film is under compressive strain. The in-plane
strain can then be estimated as ‖ = −⊥c11/(2c12) =
−0.42%, where c11 = 260 GPa and c12 = 145 GPa are
the elastic constants of CoO,42 and ⊥ = (a⊥ − a)/a,
where a is the equilibrium lattice constant. The misfit
strain between CoO/MgO is η = −1.31%, showing that
the CoO film is partially relaxed.
III. RESULTS AND DISCUSSION
For the magnetic characterization, the samples were
cooled from room temperature to 10 K under a magnetic
field of –50 kOe, and magnetic hysteresis (M-H) curves
were measured at increasing temperatures in fields up to
±3 kOe. The magnetic field was cycled once between
the field range of the hysteresis measurements at 10 K
to reduce training effects (observed for the first field cy-
cle). For the Ni/Si(111) control sample, no shift in the
M-H curve is observed down to 10 K, ruling out the pres-
ence of exchange bias arising from surface Ni oxidation
4(in agreement with the weak exchange bias in NiO, at-
tributed to its low magnetocrystalline anisotropy).3,4 The
magnetic measurements were performed on several sets of
samples and yielded consistent results; in the following,
we present the results for the sample set whose LEED
and RHEED patterns are shown in Fig. 1. The direction
of the applied magnetic field was along the [111] and
the [2¯11] directions of the Co3O4(011) (the crystal orien-
tation was confirmed by Laue diffraction). Representa-
tive magnetic hysteresis curves for the as-grown and an-
nealed Co3O4 films along these two directions are shown
in Fig. 3.
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FIG. 3: Magnetization (M) versus magnetic field (H) charac-
teristics for the Ni film deposited on the as-grown (left) and
annealed (right) Co3O4 films for fields applied along the [111]
(top) and [2¯11] (bottom) directions of Co3O4(011).
Several observations are pertinent: (i) a large shift is
present in the M-H curves in both the as-grown and an-
nealed Co3O4 samples (exchange anisotropy), being sig-
nificantly larger for the as-grown samples by about a
factor of two (e.g., 880 Oe for the as-grown sample at
10 K compared to 400 Oe for the annealed sample); (ii)
the exchange anisotropy is present at temperatures well
above the Ne´el temperature of Co3O4, with the as-grown
films exhibiting exchange bias up to higher temperatures
than the annealed films; (iii) a strong directional depen-
dence of the shape of the hysteresis curves is found, which
is distinct for the as-grown and annealed samples, and
which persists at temperatures above which no shift in
the curves is observed, indicating that it originates from
magnetic anisotropies in the Ni film; and (iv) for the
annealed samples, the magnetization at positive fields
does not reach saturation when exchange anisotropy is
present. The saturation magnetization of the Ni films,
MNi ∼ 500 emu/cm3, is close to the bulk value of 510
emu/cm3.43 The variation of the coercive field and ex-
change bias as a function of temperature for the as-grown
and annealed Co3O4 films along the [111] direction are
plotted in Fig. 4, showing that the exchange bias sets in
at around 80 K for the annealed films, and at around
150 K for the as-grown films. This result shows that the
surface morphology of the Co3O4 film has a significant in-
fluence on the exchange anisotropy, acting to enhance it.
Such an effect has been observed for single crystalline an-
tiferromagnetic systems.3,4,44 The interface energy, given
by ∆E = MNitNiHex where tNi is the Ni film thickness
and Hex is the exchange bias field, is ∼0.35 erg/cm2 for
the as-grown sample and ∼0.13 erg/cm2 for the annealed
sample at 10 K; these values are large in comparison with
those typical for antiferromagnetic films.4
The presence of a strong uniaxial magnetic anisotropy
in the Ni film agrees with the observation in RHEED
and LEED of a [011]-oriented Ni film grown on annealed
Co3O4. The magnetization lies in-plane, with the easy
magnetization axis along the Co3O4(011)[100] direction,
which coincides with the [111] direction of Ni(011); this
is also the easy magnetization direction of bulk fcc Ni.43
However, the Ni[100] direction, which is a hard magneti-
zation axis in bulk Ni, is a relatively easy magnetization
direction in the Ni films, while the Ni[110] direction is a
hard axis. We attribute this behavior to a magnetoelas-
tic contribution to the magnetic anisotropy arising from
epitaxial strain in the Ni film. This energy contribution
can be calculated within the linear theory of elasticity,
giving Eme = B11 sin
2 θ to leading order, where 11 is
the in-plane strain, θ is the angle of the in-plane mag-
netization vector with respect to the Ni[100] direction,
and B is the effective magnetoelastic coupling coefficient
given by
B =
3
2
[(c11 − c12)λ100 + c44λ111] c11 + 2c12
c11 + c12 + 2c44
, (1)
where c and λ are the elastic and magnetostriction coef-
ficients, respectively. [This expression differs from that
given by Kuriki45–47 in that we constrain the magnetiza-
tion to lie in the (011) plane.] Using the tabulated values
of c11 = 2.481, c12 = 1.549, c44 = 1.242 (units of 10
12
dyne/cm2),48 λ100 = −65.3× 10−6, λ111 = −27.7× 10−6
(Ref. 49), one obtains B = −1.22 × 108 erg/cm3. For
a fully strained Ni film (11 = −0.65%), the resulting
magnetoelastic anisotropy is Kme = +8.0× 105 erg/cm3;
for comparison, the bulk magnetocrystalline anisotropy
of Ni is43 K1 = −5.6 × 104 erg/cm3. Since we expect
the Ni film to be partially relaxed, the magnetoelastic
energy is likely to be comparable to the intrinsic mag-
netocrystalline anisotropy. Importantly, the sign of Kme
favors θ = 0, i.e., the magnetization pointing along the
Ni[100] direction, which agrees with the data shown in
Fig. 3. The magnetic switching behavior can then be un-
derstood in terms of the local energy minima present in
the Ni(011) plane. In particular, the fact that the mag-
netization does not reach saturation at positive fields in
the annealed Co3O4 films is explained by the switching
of the magnetization from the Ni[1¯00] direction (paral-
lel to the applied magnetic field and to the exchange
bias direction) to a direction near Ni[111], which gives
5a magnetization projection along the magnetic field of
∼ cos(54.7o) = 1/√3 = 0.58. For the as-grown Co3O4
samples, an additional magnetic anisotropy contribu-
tion arises from the presence of a directional roughness
via magnetic dipolar interaction (shape anisotropy).50–56
The observed coercive fields are large (and larger for the
as-grown Co3O4 film), suggesting the presence of strong
pinning due to epitaxial strain fields or to exchange cou-
pling with the antiferromagnetic spins. Magnetic mea-
surements on the Ni/CoO(001) control sample show the
presence of exchange bias at 20 K of 150 Oe, much smaller
in magnitude than that observed in the Ni/Co3O4 sys-
tem at that temperature; no exchange bias was present
at 250 K.
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FIG. 4: Variation of the coercive field (Hc) and ex-
change anisotropy (Hex) for the as-grown and the annealed
Co3O4(011) films along the [111] direction. The data on the
graph on the right have been multiplied by a factor of 2.
The observation of exchange bias in Ni/Co3O4 is
consistent with recent reports showing the presence
of exchange bias up to 150 K in ion beam-deposited
Ni80Fe20/Co3O4 heterostructures
23–26 and up to 240 K in
Co/Co3O4 bilayers grown by r.f. sputtering.
57–59 While
in the latter studies the authors find an extended CoO
interfacial region which is responsible for the observed
temperature dependence of the exchange bias, the for-
mer reports suggest the presence of the Co3O4 phase
only, from transmission electron microscopy and x-ray
diffraction data. Since Ni and Co have similar oxygen
affinities, a similar interface structure is expected for Co,
Ni or Ni80Fe20 films in contact with Co3O4. Therefore,
to investigate if the enhanced exchange bias effect is in-
trinsic to the Co3O4 film or due to modifications in the
interface structure, we carried out a detailed spectro-
scopic characterization of the interface by studying the
evolution of the x-ray photoemission spectra as a func-
tion of the Ni film thickness. These data are plotted in
Fig. 5, where we also show the CoO spectra acquired
from the Ni/CoO(001) sample. Corrections to the data
include a five-point adjacent smoothing and satellite cor-
rection; energy shifts due to charging were corrected by
aligning the O 1s peak to the tabulated value of 529.4
eV for Co3O4,
60–62 which is approximately the same for
CoO,61,63 NiO,64 and NiFe2O4.
65,66 The O 1s peak de-
creases in amplitude with increasing Ni thickness, as ex-
pected; a small shoulder at higher binding energies is
present in the Co3O4 and the 1.8-14 A˚ Ni films, but is
absent in the CoO spectrum; for the 80 A˚ Ni film, the O
1s line lies at the energy corresponding to the shoulder in
the Co3O4 film, and is therefore likely to have the same
origin. The presence of such a shoulder in the O 1s line
is attributed to adsorbed O,60,61,67–72 although we can-
not rule out the presence of adsorbed hydroxyl groups
that also give rise to a similar feature.72,73 Focusing first
on the Co 2p spectra, we find a significant modification
of the spectra between the 0 and 1.8 A˚ Ni film thick-
nesses; the spectrum of the 1.8 A˚ film exhibits a signif-
icant broadening of the main peaks and the presence of
prominent satellite peaks at binding energies lower than
those characteristic of Co3O4; indeed, comparison with
the reference CoO spectrum indicates that these are char-
acteristic of CoO. The conclusion is that a reduction of
the Co3O4 surface has occurred, leading to the presence
of a CoO-like interface layer. The same features per-
sist at 5.3 and 14 A˚ Ni thicknesses. The Ni 2p spectra
are also revealing. The 1.8 A˚ Ni film spectrum exhibits
strong main lines that are shifted to higher binding ener-
gies with strong satellite peaks characteristic of Ni2+,64
which also persist up to 14 A˚ Ni, although a strong metal-
lic component develops in tandem.
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FIG. 5: X-ray photoelectron spectra of the Ni/Co3O4(011)
structure for different values of the Ni film thickness at the O
1s, Co 2p and Ni 2p edges. Also shown are the Co 2p and O
1s spectra of the CoO(001) reference sample. Dash-dot lines
indicate the positions of the main O 1s, Co3O4, and Ni metal
peaks; dotted lines show the positions of the satellite peaks of
CoO and dashed lines the satellite energy positions of Co3O4.
(Data have been shifted vertically for convenient display.)
Figure 6 shows a more detailed view of the Ni 2p and
Co 2p spectra for the different Ni film thicknesses, where
a linear background was subtracted from the data. The
1.8 A˚ Ni spectra is the same as in Fig. 5, plotted on an ex-
panded scale. One striking observation is the presence of
strong satellite peaks at 6.0 and 7.6 eV above the main
peaks; the corresponding values for NiO lie at 7.3 and
68.2 eV, respectively.74 Those differences are well beyond
the experimental uncertainty; the observed satellite peak
positions agree well with those for NiCo2O4, 6.4 and 7.5
eV, respectively,66 which may be attributed to the al-
tered electronic environment of the Ni cations or to the
presence of a NiCo2O4 interfacial layer. For the 5.3 and
14 A˚ Ni 2p spectra, we use the fact that the metallic Ni
2p3/2 peak is well separated from the oxide Ni peak to
subtract the metal Ni contribution from the 5.3 and 14
A˚ Ni XPS spectra, using the scaled 80 A˚ Ni spectrum as
the reference. The remaining signal is attributed to the
Ni2+ contribution; despite the low signal to noise ratio,
the spectra are found to have features similar to the 1.8
A˚ Ni spectrum. To guide the eye, we have superimposed
on the data the result of a multipeak fit to the 1.8 A˚ Ni
spectrum. The noise in the data precludes a quantitative
estimate of the Ni oxide layer, but the attenuation in the
Ni oxide signal with increasing thickness indicates that
the Ni oxidation is confined to the interface, to within
2-4 A˚, or 1-2 atomic layers.
The Co 2p spectra shown in Fig. 6 are normalized to
the 2p3/2 peak, which removes the attenuation from the
Ni overlayer. In both this case and in that of the 2p Ni
metal peak, the scaling factors follow an exponential de-
cay, with an attenuation length (λ) of about 11 A˚, which
agrees with the tabulated effective attenuation lengths
for the Co 2p3/2 and Ni 2p3/2 lines in Ni for our mea-
surement geometry.75 For the Co 2p lines, we attempt
to estimate the thickness of the CoO layer by assum-
ing that the Co 2p spectra of the 1.8, 5.3 and 14 A˚ Ni
thicknesses can be described by a superposition of the
Co3O4 and CoO bulk spectra, I0 = αICoO + βICo3O4 .
The resulting fits using least squares are shown as con-
tinuous lines in Fig. 6. We find α = 0.28(1), β = 0.75(1)
for the 1.8 A˚ Ni film; α = 0.30(2), β = 0.69(2) for
the 5.3 A˚ Ni film; and α = 0.11(3), β = 0.81(3)
for the 14 A˚ film, where the error bars correspond to
three standard deviations. To first approximation, the
scaled Co 2p XPS signal, I0 = I exp{+tNi/λNi} (where
I is the measured intensity), is the sum of the signals
originating from the CoO and the thick Co3O4 layers,
I0 = I∞(1−exp{−tCoO/λ})+I∞ exp{−tCoO/λ}, assum-
ing similar effective attenuation lengths and bulk intensi-
ties for the two Co oxides. The intensity should be there-
fore approximately independent of the Ni film thickness,
with α + β ≈ 1, in reasonable agreement with the fit-
ting results given the approximations made. For the 14
A˚ Ni film the agreement is less good, although the fit is
also less satisfactory due to the larger scatter in the data.
(Since the signal in this case weighs the interface region
more strongly, one other possibility may be the presence
of a NiCo2O4 interfacial layer; the latter is characterized
by a Co 2p edge spectrum with strongly suppressed satel-
lite peaks from the Co3+ cations occupying an octahedral
environment,66,76 which would resemble the Co3O4 spec-
trum more closely.) Using α = 0.3, we estimate tCoO ≈ 4
A˚, using λ = 11 A˚. The extent of the Co3O4 reduction
may also be deduced from the oxygen intake from the
Ni interfacial layer according to Ni + Co3O4 −→ NiO
+ 3CoO. Using a Ni atomic surface density similar to
that of the Co3+ density in Co3O4(110), and a Ni oxi-
dation of 1-2 atomic layers, this results in the formation
of 3-6 CoO molecules into the cobalt oxide film, corre-
sponding approximately to a thickness of 4.5-9 A˚, using
the (110) interplanar distance of 1.48 A˚ for CoO, in rea-
sonable agreement with the estimate obtained from the
XPS data.
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FIG. 6: Left panel: Ni 2p spectra of the 1.8 A˚ Ni film (original
data) and for the 5.3 and 14 A˚ Ni films after removing the
metallic Ni component; data are shown as circles, full lines
are guides to the eye and dashed lines indicate the position of
the metal Ni 2p main lines. Right panel: Normalized Co 2p
spectra (circles) and least squares fits to linear combinations
of the CoO and Co3O4 Co 2p spectra (full lines). Data have
been shifted vertically for convenient display.
Based on the XPS results, we can therefore rule out
a pristine Ni/Co3O4 interface, and one must conclude
that the exchange bias effect observed in this system is
not intrinsic to Co3O4. In fact, interfacial modifications
in the oxidation state of CoO and NiO in contact with
3d ferromagnetic metals are also known to occur,10,77–80
while changes in the oxygen stoichiometry of CoO has
also been found to have a marked influence on the ex-
change bias of Fe/CoO couples.81 Two possible effects
could contribute to the exchange anisotropy observed in
Ni/Co3O4. One effect refers to the presence of the CoO
layer, which has a bulk Ne´el temperature of 290 K.16–21
Since the CoO layer remains relatively thin (∼4 A˚), the
Ne´el temperature is depressed,82–84 but would otherwise
give rise to large exchange bias at low temperatures; the
largest exchange bias effects reported in the literature
have been observed for CoO.4 The other effect results
from the presence of the nickel interfacial oxide layer.
NixCo1−xO is antiferromagnetic with a critical tempera-
ture that varies linearly with x between that of CoO and
NiO, well above that of cobaltite.85 Since the exchange
7bias effect is an interfacial effect, this layer must neces-
sarily mediate the exchange coupling between the CoO
and the Ni film. Despite its small thickness, it is likely to
be magnetically polarized from contact with the Ni and
the CoO layers. Both effects are consistent with the ob-
servation of exchange bias in Ni/Co3O4 at temperatures
well above the Ne´el temperature of Co3O4.
IV. CONCLUSIONS
In conclusion, we have carried out a detailed study
of the exchange bias and of the interfacial structure in
Ni/Co3O4(011). The exchange anisotropy is large, per-
sists to temperatures well above the Ne´el temperature of
bulk Co3O4, and is larger for the rougher Co3O4 films.
From photoelectron spectroscopy carried out as a func-
tion of the Ni film thickness, the oxidation state of the
Co3O4 and Ni films are found to be strongly modified
at the interface, leading to the formation of a ∼4 A˚
CoO layer and of a monolayer thick interfacial NiO layer.
Such modifications in the interfacial oxidation state and
electronic structure are difficult to assess with structural
characterization techniques alone. We attribute the un-
usual exchange bias behavior found in Ni/Co3O4 and
similar metal/Co3O4 structures to the presence of such
a modified interface. These results emphasize how inter-
facial reactions play a strong role in governing exchange
bias and thus how detailed knowledge of the interfacial
structure and electronic properties are essential to under-
standing these phenomena.
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